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Abstract
The opportunistic bacterium Proteus mirabilis secretes a metallopro-
tease, ZapA, considered to be one of its virulence factors due to its
IgA-degrading activity. However, the substrate specificity of this
enzyme has not yet been fully characterized. In the present study we
used fluorescent peptides derived from bioactive peptides and the
oxidized ß-chain of insulin to determine the enzyme specificity. The
bradykinin- and dynorphin-derived peptides were cleaved at the single
bonds Phe-Ser and Phe-Leu, with catalytic efficiencies of 291 and 13
mM/s, respectively. Besides confirming already published cleavage
sites, a novel cleavage site was determined for the ß-chain of insulin
(Val-Asn). Both the natural and the recombinant enzyme displayed the
same broad specificity, demonstrated by the presence of hydrophobic,
hydrophilic, charged and uncharged amino acid residues at the scissile
bonds. Native IgA, however, was resistant to hydrolysis by ZapA.
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Introduction
Bacterial metalloproteases, which are
usually secreted (1), have been implicated in
several physiological as well as pathogenic
processes (1,2), acting on various steps re-
lated to nutrition acquisition, or hydrolyzing
defense factors of their mammal or insect
hosts. The serralysins, for instance, secreted
by Serratia marcescens, have been described
as virulence factors, having an important
role in keratitis (3) and pulmonary infections
(4), but they also seem to have a role in
nutrient digestion/uptake (5). The secreted
hemagglutinin protease of Vibrio cholerae
cleaves several physiologically important
substrates such as mucin, fibronectin and
lactoferrin (6), while the immune inhibitor
A, a metalloprotease secreted by Bacillus
thuringiensis, degrades antibacterial proteins
produced by the insect host (7).
It is known that metalloproteases gener-
ally possess low substrate selectivity (8),
acting less as regulatory enzymes than as
enzymes participating in processes of inacti-
vation and catabolism. Therefore, it is ex-
pected that these metalloproteases should
act upon a variety of substrates, and not
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display narrow substrate specificity as do the
serine proteases, for instance, which often
are processing enzymes. In fact, bacterial
enzymes, which specifically act on IgA, are
serine proteases (9), cleaving the IgA mole-
cule at a single peptide bond in the hinge
region. Classical IgA proteases are secreted
by Neisseria meningitidis, N. gonorrhea,
Haemophilus influenzae, and Streptococcus
pneumoniae (9). One exception is the metal-
loprotease secreted by Streptococcus san-
guis (10). Only a few examples of metallo-
proteases have been described, which dis-
play a narrow specificity in the processing of
other proteins. These include Clostridium
botulinum B and C. tetani neurotoxins (11).
ZapA, the metalloprotease secreted by
Proteus mirabilis, has been considered to be
an IgA protease (12,13). In order to inves-
tigate whether ZapA should be included
among specific bacterial metalloproteases,
or whether it displays broad substrate
specificy, we employed the newly devel-
oped fluorogenic operational substrate (14)
to characterize putative biological substrates
of ZapA.
Material and Methods
Bacterial strains and growth conditions
The P. mirabilis strain N17-12 is pro-
totrophic and stably secretes a metalloprote-
ase (15). Escherichia coli strain DH5a [F-,
F80dlac ZDM15 D(lacZYA-argF) U169
endA1 recA1 hsdR17 (rK- mK+) deoR thi-1
supE44 l- gyrA 96relA1)] carries plasmid
pCW101, which contains the whole zap gene
cluster (12). Luria Bertani medium (1% tryp-
tone, 0.5% yeast extract, 1% NaCl) was used
for growth of P. mirabilis and E. coli, supple-
mented with ampicillin (50 µg/ml) when
required.
Protein and peptide substrates
Human secretory IgA from colostrum,
oxidized ß-chain of insulin, and trypsin type
III from bovine pancreas were from Sigma
(St. Louis, MO, USA). The intramolecularly
quenched fluorescent peptide substrates were
synthesized, purified, and analyzed by pre-
viously described procedures (16) using the
multiple automated peptide synthesizer
PSSM-8 from Shimadzu Corporation (To-
kyo, Japan). These peptides contain an Abz-
group (ortho-aminobenzoyl) at the N-termi-
nus, and EDDnp (2,4, dinitrophenyl-
ethylenediamine) at the C-terminus, as a
fluorescent and quencher pair, respectively.
The peptides used in this study were the
bradykinin-derived peptide (Abz-R-P-P-G-
F-S-P-F-R-EDDnp) and the dynorphin-de-
rived peptide (Abz-G-G-F-L-R-R-Q-EDDnp)
(14).
Purification of the protease by phenyl-
Sepharose affinity chromatography
The native and recombinant ZapA
proteases were purified as described (12),
with little modification. Briefly, the culture
supernatants of overnight grown bacteria
were centrifuged (7000 g, 30 min, 4ºC)
and filtered through 0.45-µm Millipore fil-
ters. The filtrates were loaded at a flow
rate of 1 ml/min at 4ºC onto columns (2 x 60
cm) of phenyl-Sepharose (Pharmacia,
Uppsala, Sweden) equilibrated with 50
mM Tris-HCl, pH 8.0. Columns were then
washed with 10 volumes of the same buffer.
Bound protease was eluted with 50 mM
Tris-HCl, pH 11.0, and the collected frac-
tions (3.8 ml) were monitored for protein
content in a spectrophotometer at 280 nm,
after the pH had been adjusted to 8.0. The
peak fractions were pooled and concentrated
by differential centrifugation using Milli-
pore Ultrafree filters (cut-off size, 30 kDa).
Material retained by the filter was aliquoted
at appropriate concentrations and kept at
-20ºC in 15% glycerol. The homogeneity of
the preparations was analyzed by SDS-PAGE
(17).
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Enzymatic assays
Hydrolysis of the intramolecularly fluo-
rogenic quenched peptide substrates at 37ºC
in 50 mM Tris-HCl, 2 mM CaCl2, pH 8.0,
was monitored by measuring the fluores-
cence at 420 nm and after excitation at 320
nm in a Hitachi F-2000 spectrofluorometer,
as previously described (18). Standard hy-
drolysis conditions were strictly maintained
for different substrates. The enzyme concen-
tration varied from 2.8 pM for the best sub-
strates to 28 pM for the less susceptible ones.
In most cases, substrate concentration ranged
from 10 times lower than the Km to 10 times
greater than the Km. The kinetic parameters
were calculated by the method of Wilkinson
(19). The activities of the natural and recom-
binant enzymes were determined using the
operational substrate described by Fernandes
et al. (14). One unit of ZapA activity is the
amount of enzyme which hydrolyzes 1 µmol
of the peptide substrate in 1 min. All enzyme
assays were performed in triplicate.
HPLC analysis of substrates and of their
enzymatic hydrolysis products
The peptide solutions (20-50 µM) in 50
mM Tris-HCl, pH 8.0, and 2 mM CaCl2 were
incubated with 2.8 pM of the native and
recombinant proteases at 37ºC for 3 h.
Samples (500 µl) from the substrate and
from the incubates were periodically removed
for HPLC analysis until 100% hydrolysis
was achieved. The hydrolysis products were
separated by HPLC, collected manually, and
submitted to mass spectrometry. The scissile
bonds were deduced from the sequences of
the substrate fragments. The HPLC condi-
tions used for the analytical procedure were:
0.1% trifluoroacetic acid in water (solvent
A) and acetonitrile-solvent A (9:1) as sol-
vent B. The separations were performed at a
flow rate of 1 ml/min using a J.T. Baker C-18
column (4.6 x 300 mm). Analytical HPLC
was performed using an SPD-10AV Shi-
madzu UV/visible detector and an RF-10
AX fluorescence detector. For peptide pu-
rification, a semi-prep TSK C-18-120T Ultra-
Pak column (300 x 7.8 mm, 10-µm particles;
LKB, Bromma, Sweden) was used with the
same solvents as above, at a flow rate of 2
ml/min. In all cases, elution was followed by
UV absorption (214 nm) and by fluores-
cence (at 420 and at 320 nm). IgA (54 µM)
was incubated with 2.8 and 28 pM of ZapA
for 24 h at 37ºC in the buffer described
above, and with 15.6 pM of trypsin in 50 mM
Tris-HCl, pH 8.0, for 3 h at 37ºC. The HPLC
analyses were performed with a J.T. Baker
C-8 column (4.6 x 300 mm) using the solvents
described above. Absorbance was monitored
at 280 nm.
Mass spectrometry
The mass spectrometric experiments were
performed using a QUATTRO II triple qua-
druple mass spectrometer equipped with a
standard electrospray probe (Micromass,
Altrinchan, UK), adjusted to about 40 µl/
min with the ODS-HG-5 microcolumn (0.3 x
150 mm, 5-µm particles). The mass spec-
trometer data acquisition and treatment sys-
tem was equipped with MassLynx and
MaxEnt software for handling spectra. The
source temperature was maintained at 80ºC
throughout all experiments and the needle
voltage was kept at 3.6 kV by applying a
drying gas flow (nitrogen) of 200 l/h and a
nebulizer gas flow of 20 l/h. The mass spec-
trometer was calibrated with intact horse
heart myoglobin and its typical cone-volt-
age-induced fragments. For reliable mass
determination of the intact ß-chain of insulin
and its proteolytic fragments, reduction and
carboxymethylation were performed as pre-
viously described (20). Mass spectrometric
detection was achieved with different pa-
rameters for each type of experiment. The
peptide fragments separated by liquid chro-
matography were detected by scanning 50 to
2000 m/z at 6 s/scan, with a 31-V cone.
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Product ions from tandem mass spectrum
experiments were detected by several scan-
ning runs of the appropriate mass for each
situation, using high energy (25 eV) for single
charged and low collision energy (15 eV) for
multiple charged precursor ions. No tandem
mass spectra were recorded for peptides
smaller than four amino acid residues.
Results
Purification and comparative specificity
features of the native extracellular metallo-
protease from P. mirabilis strain N17-12 and
of the recombinant ZapA protease
The purified extracellular metalloprote-
ase from P. mirabilis strain N17-12 was
visualized as a single band (data not shown)
of the same molecular mass as the purified
recombinant enzyme (12). The ZapA activi-
ties, determined by a fluorimetric assay us-
ing the operational substrate peptide Abz-A-
F-R-S-A-A-Q-EDDnp (14), were 1.0 and
1.21 mU/mg for the natural and the recombi-
nant enzymes, respectively. The experiments
described in this study were performed using
both the natural and the recombinant ZapA,
with similar results. Thus, only the data ob-
tained with the recombinant enzyme are pre-
sented.
Hydrolysis of peptides by the recombinant
metalloprotease from P. mirabilis
Fluorogenic peptides. The brakykinin-
derived peptide (peptide 1) was cleaved at
the Phe-Ser bond (Figure 1) with a Km of
13.6 µM and a kcat of 3.96 s-1, resulting in a
catalytic efficiency of 291 mM/s. The dynor-
phin-derived quenched fluorescent substrate
(peptide 2) was hydrolyzed at the Phe-Leu
bond (Figure 1) with a Km of 2.3 µM and a
kcat of 0.031 s-1, resulting in a catalytic effi-
ciency of 13 mM/s.
Oxidized ß-chain of insulin. A number of
fragments with different relative concentra-
tions were generated and resolved by HPLC
(Figure 2). No attempt was made to identify
the most susceptible peptide bond within the
oxidized ß-chain of insulin. The molecular
mass of the major fragments derived from
the incubation of the oxidized ß-chain of
insulin with ZapA was determined by mass
spectrometry (Table 1). The interpretation
of the molecular masses of the reaction prod-
ucts indicated that the following peptide
bonds were hydrolyzed: Val2-Asn3, Asn3-
Gln4, Cys7-Gly8, His10-Leu11, Leu11-Val12,
Tyr16-Leu17, Gly20-Glu21, Phe25-Tyr26, and
Tyr26-Thr27 (Figure 2).
Enzymatic activity of ZapA on secretory IgA
We were not able to observe efficient
hydrolytic activity of ZapA towards IgA,
even after long incubation times using an
enzyme concentration ten-fold higher than
the one used in the assays performed with
the peptide substrates. HPLC of the incuba-
tion mixture showed that less than 2% of IgA
hydrolysis had taken place after 24 h of
incubation (Figure 3). Parallel control ex-
periments (data not shown) demonstrated
that i) the enzyme lost 11% of its initial
activity after 24 h of incubation, and ii) when
IgA was incubated at 37ºC in the presence of
trypsin, less than 10% of IgA was detected
after 3 h.
Table 1. Fragments observed during the proteolysis
of ß-chain insulin by ZapA detected and sequenced
by electrospray mass spectrometry.
Retention m/z Amino acid
time (min) sequence
10.59 988.11 (C)GSHLVEALY(L)
11.01 1582.77 (V)NQHLCGSHLVEALY(L)
13.28 1601.86 (L)VEALYLVCGERGFF(Y)
14.30 817.90 (G)ERGFFY(T)
14.86 1878.19 (H)LVEALYLVCGERGFFY(T)
16.21 1468.67 (N)QHLCGSHLVEALY(L)
m/z is the mass to charge ratio. The amino acids in
parentheses are the neighboring residues in the
intact ß-chain of insulin.
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Figure 1. Hydrolysis of the fluorogenic peptides 1 and 2 by ZapA. Solutions of peptide 1 (Abz-R-P-P-G-F-S-P-F-R-EDDnp) and of peptide 2 (Abz-G-G-F-L-
R-R-Q-EDDnp) were incubated with 2.8 pM purified native ZapA in 50 mM Tris-HCl and 2 mM CaCl2, pH 8.0, at 37ºC for 3 h. The hydrolysis products
were analyzed by HPLC as described in Material and Methods. The chromatograms in panels A and B show the elution profiles of the fragments
generated by the incubation of peptide 1 and peptide 2 with ZapA, respectively. Dashed lines indicate fluorescence and continuous lines show the
absorbance at 214 nm. Bk = bradykinin; Dyn = dynorphin.
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Figure 2. Hydrolysis of the oxidized
ß-chain of insulin by ZapA. A solu-
tion of oxidized ß-chain (20 µM)
was incubated with 2.8 pM puri-
fied native ZapA in 50 mM Tris-
HCl and 2 mM CaCl2, pH 8.0, at
37ºC for 3 h. The hydrolysis prod-
ucts were analyzed by HPLC as
described in Material and Meth-
ods. The chromatogram in panel B
shows the profile of the intact
polypeptide, and panel C shows
the production of the fragments
generated by the incubation with
ZapA. The bonds cleaved by ZapA,
indicated by arrows in the se-
quence of the ß-chain of insulin
(panel A), were determined by
mass spectrometry as described
in Material and Methods. ¯ =
known cleavage sites; ß = newly
detected cleavage site.
Figure 3. Hydrolysis of IgA by
ZapA. IgA (54 µM) was incubated
in 50 mM Tris-HCl and 2 mM
CaCl2, pH 8.0, at 37ºC for 24 h
without (panel A) or with (panel B)
28 pM ZapA. The incubation mix-
tures were analyzed by HPLC as
described in Material and Meth-
ods.
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Discussion
Metalloproteases display a broad spec-
trum of action, which impairs the use of
natural substrates in the study of their speci-
ficity. Therefore, we opted to use quenched
fluorogenic substrates for the studies of ZapA,
which had the additional advantage of being
suitable for comparison to the recently de-
veloped quenched fluorogenic operational
substrate of the enzyme (14).
Analysis of the hydrolysis of the peptide
substrates used showed that single peptide
bonds, Phe-Ser and Phe-Leu, were hydro-
lyzed in peptide 1 and peptide 2, respec-
tively, with different catalytic efficiencies.
While peptide 1 showed an efficiency only
23% lower than that obtained for the opera-
tional substrate, peptide 2 showed a very
low efficiency, which may reflect the unfa-
vorable influence of two highly hydrophobic
and basic residues at positions P’2 and P’3.
Analysis of the products generated by the
hydrolysis of the oxidized ß-chain of insulin
indicates that ZapA can produce multiple
cleavages in a large polypeptide, giving rise
to a number of products. These data strongly
suggest the broad specificity of ZapA. Ex-
cept for the hydrolysis of the Val-Asn bond,
all other cleavages had been previously re-
ported (21). The peptide bonds hydrolyzed
are consistent with the specificity deduced
when fluorescent substrates were used (14).
Globular proteins, however, display a
relatively small number of peptide bonds
susceptible to the attack by metalloproteases.
Thus, it was not surprising that native IgA
was not well hydrolyzed by ZapA, even after
long incubation times. Controls designed to
measure ZapA stability and the susceptibil-
ity of IgA to hydrolysis by trypsin indicated
that the resistance of IgA to hydrolysis was
neither due to the loss of ZapA activity nor to
the lack of susceptibility of IgA to proteoly-
sis. These experiments assured that IgA is
not a good substrate for ZapA. In contrast,
serine proteases, secreted by several patho-
genic bacteria such as Neisseria gonorrhea,
N. meningitidis, and Haemophilus influen-
zae, among others, have been shown to cata-
lyze the hydrolytic cleavage of the IgA mol-
ecule at one peptide bond in the hinge region
(9). Furthermore, it is well known that the
metzincin family of metalloproteases, to
which ZapA belongs, requires extended sub-
strates for optimum cleavage efficiency (22),
a property not displayed by native immuno-
globulins.
ZapA has been considered to have a role
as virulence factor for P. mirabilis (13,23,24).
It seems, however, that its role in the patho-
genicity of this bacterium is not due to the
hydrolysis of IgA, which would destroy an
important component of the host defense
system of mammalian mucous surfaces. It is
possible, however, that the enzyme may be
effective for microbial proliferation, destroy-
ing other bioactive molecules like defensins,
involved in the innate defense, or structural
components of the host cells like matrix
proteins. In fact, we showed here that one
bioactive peptide, bradykinin, released dur-
ing the inflammatory process, was efficiently
hydrolyzed by ZapA. Studies involving the
hydrolysis of bioactive peptides, also impor-
tant in the inflammatory process, have been
reported for the alkaline metalloprotease of
Pseudomonas aeruginosa, another member
of the serralysin family of bacterial metallo-
proteases (25). A similar conclusion could
be drawn from our preliminary results with a
newly discovered insect defensin, which was
efficiently hydrolyzed by ZapA (Palma MS,
unpublished results). Moreover, we have re-
cently shown that ZapA has a dose-depend-
ent fibrinolytic activity on fibrin plates, hy-
drolyzing the a- and ß-chains but not the g-
chain of fibrinogen, while it completely de-
grades collagen and partially hydrolyzes lam-
inin, not being able, however, to degrade
fibronectin (Fernandes BL, unpublished re-
sults).
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